We predict theoretically and demonstrate experimentally the spontaneous formation of a superlattice during crystal growth. When a strained alloy grows by "step flow", the steps at the surface form periodic bunches. The resulting modulated strain biases the incorporation of the respective alloy components at different steps in the bunch, leading to the formation of a superlattice. X-ray diffraction and electron microscopy for SiGe grown on Si give clear evidence for such spontaneous superlattice formation.
Self-organization is ubiquitous in nature. Yet only recently have attempts been made to fabricate useful nanoscale structures by controlled self-organization. Fascinating nanoscale materials have been formed by condensing particles from a suspension [I] ; and potential device structures such as "quantum dots" have been made via self-organization on a surface
[a] or in stacked layers grown sequentially [3].
Here we report self-organization of a nanostructured electronic material in a continuous growth process. Specifically, we theoretically predict and experimentally observe selfassembly of a superlattice (i.e. a periodically layered structure) during continuous growth of a strained alloy. Such superlattices have wide application in optoelectronics, and potential applications as novel thermoelectrics 141.
Superlattices are generally grown by alternate deposition of two materials. The possibility of "natural" superlattices has been suggested previously, based on layered structures seen in epitaxial growth of alloys that are unstable against spinodal decomposition [5] . How- ever, only one instance of well-organized growth has been reported in such systems [6] , and theoretical explanations remain speculative [7, 8] .
Here we address self-organization induced by strain rather than by spinodal decomposition. Strain arises when the deposited material accommodates itself to the (slightly different) lattice constant of the substrate. We propose a detailed theory based on the wellestablished understanding of epitaxial growth. For "step-flow growth", the theory predicts that spontaneous superlattice formation is a quite general phenomenon.
Our conclusions are supported by our experimental observation of spontaneous superlat-I tice formation in SiGe, a system which has no tendency toward spinodal decomposition. If such growth can be controlled and optimized, it will provide a simple and efficient way of producing nanostructured materials with novel electronic and optical properties. Such materials could have a variety of applications, even if they are far less perfect than superlattices grown by the traditional painstaking approach.
Some periodic modulation of alloy composition is occasionally seen in semiconductor growth, due to artifacts of the experimental procedure. These may include rotation of the wafer under a nonuniform flux of material, or periodic variations in growth temperature as the heater cycles on and off. Thus truly self-organized modulations could be easily overlooked. Here we are able to rule out all known experimental artifacts, providing strong evidence for the theoretical interpretation. The generality of the effect suggests that such composition variations may also be a common unintended occurrence in growth of alloy layers, with the potential to degrade device performance.
We sketch the main aspects of the theory before describing the theoretical and experimental results. Semiconductor devices are typically grown on a "vicinal" surface, a staircase of atomically flat terraces separated by atomic-height steps. Atoms are deposited on the surface (by evaporation or vapor decomposition), and they diffuse as "adatoms" on the terraces.
Step motion arises from attachment or detachment of these adatoms at the step.
The adatom density on a terrace obeys the diffusion equation, subject to boundary conditions of equilibrium at the steps. (We do not include any step-edge diffusion barriers.)
Solving this equation we find the current of adatoms. The discontinuity in this current at a step gives the net attachment or detachment rate, and hence the step velocity. The physics of strain and alloying enters solely through the composition-dependent chemical potential at the steps, which determines the local adatom density and hence the adatom diffusion, step motion, and crystal growth [9-111.
Recently Liu et al. [12] showed that such growth leads to periodic patterns of step bunches on the crystal surface. Here we consider growth of an alloy, in which the elements differ in their size and surface mobility. The step bunches affect the surface elastic field, giving different strains at different steps. The smaller adatoms will be incorporated preferentially at steps having relatively compressive strain, and larger adatoms at relatively tensile steps [10, 13] . In addition, steps having lowest absolute strain are favored overall, and atoms of the more mobile species can more readily reach these preferred steps [ll] .
The result is an ordered pattern of composition modulation, as shown in Fig. 1 . We believe that this is the first actual calculation showing spontaneous superlattice formation in any system. Note the remarkable regularity of the structure, which appears to be independent of initial conditions and robust against noise.
The equations describing alloy decomposition are nonlinear, and so inherently difficult to solve. We therefore consider the limit of only a small difference in size and/or mobility between the alloy elements, so that we can linearize the problem. In this case, and making use of prior results [lO,ll] , we can write the evolution of surface morphology as The dynamical evolution of the surface morphology is determined by numerical integration of the step velocity, Eq. (1). The behavior is controlled by two parameters, 20 and x.
These reflect respectively the short-range strain around the step (due to details of atomic structure) and the long-range strain field (because the step condition for the misfit strain).
The alloy decomposition at the steps is given by Given the surface morphology, there are two important (and competing) terms which determine the alloy decomposition. The difference in size and mobility of the two species are reflected in where A&,/E is the fractional misfit difference, with A€, = (L, -a,)/ao, a, and a0 being the lattice parameters of component v and of the substrate, respectively; and AA,/X is the fractional difference in mobility, relative to the average, where Ax, = A, -L,. For small differences, the degree of decomposition is directly proportional to a. Note that the effects of atomic size and mobility difference can add or partially cancel, depending on the relative signs [ll] .
The other important parameter is derivative, with respect to composition, of the free energy of mixing of the alloy. As long as the alloy is stable against spinodal decomposition, 9 : ' > 0 and so y > 0. The larger y is, the smaller the decomposition a' c,. Other factors being equal, the alloy decomposition will be largest in systems where the critical temperature T, for spinodal decomposition is not far below the growth temperature T, since y 4 0 as T -+ T,.
An example of the calculated growth is shown in Fig. 1 , for lo = 0.192 and x = 0.446. Increasing the growth rate reduces x, giving smaller bunches [12] and hence a shorter SU- Because of the combination of short-range and long-range strains around each step, the total strain (and hence the chemical potential) is higher at the top and bottom of a stepbunch, and lower in the middle. The more mobile atoms are more successful at reaching the favored mid-bunch sites, and so are preferentially incorporated there. The atomic size similarly biases the incorporation of the two types of atoms -e.g. for compressive stress, the strain is relatively less compressive in mid-bunch, favoring incorporation of the larger atoms there.
Note that in Fig. 1 the superlattice is misoriented in relation to the crystallographic plane (horizontal direction) by an angle which is comparable to the surface vicinal angle, but in the opposite direction. This is due to the complex step dynamics, in which free steps are continually ejected from the base of some bunch and then captured by the adjacent bunch [121.
We have repeated the simulation for several values of 7. In general the pattern of the decomposition reflects the surface morphology, and so is unaffected by y. However, y has a strong effect on the magnitude of the decomposition. Near the critical temperature T, for spinodal decomposition, y is small and the decomposition is quite large. However, it is difficult to evaluate y for specific real systems, because T ' is not accurately known.
In Fig. 2 We conclude that the sample has multiple domains, and that each peak originates in a distinct region having that periodicity.
Note that the separation between the principal diffraction peaks in Fig. 2 corresponds to an integer number of atomic double-layers (-2.7A). This is consistent with the proposed mechanism. The average bunch size may vary across the sample due to small differences in local surface miscut, flux or temperature. But bunches can differ only by integer numbers of steps; and if bunches of different size coexist they tend to "phase separate" into separate regions of uniform bunch size [12] . Such regions will have periods differing by integer numbers of atomic layers. (SiGe is well known to show step "pairing", and the dominant spacing in Fig. 2 corresponds to the bilayer step height.) We know of no artifacts (such as wafer rotation) which could cause such a sequence of peaks, with spacings tied to the step height. This is strong evidence that the experiment reflects the same mechanism for spontaneous superlattice formation as in our simulations.
There is still much to be understood in this problem. We have not yet identified the precise experimental conditions for reproducibly growing superlat tices. And the quantitative predictions of the theory will be affected if we include other effects such as diffusion barriers, step permeability, and other step-repulsion mechanisms. But none of these effects will eliminate the bas? morphological self-organization, and resulting periodic modulation of the alloy composition. These appear to be very robust effects, as long as growth takes place in the step-flow mode described. 
